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We have developed a new experimental platform at the Linac Coherent Light Source (LCLS) which combines
simultaneous angularly and spectrally resolved x-ray scattering measurements. This technique offers a new

insights on the structural and thermodynamic properties of warm dense matter.

The < 50 fs temporal

duration of the x-ray pulse provides near instantaneous snapshots of the dynamics of the compression. We
present a proof of principle experiment for this platform to characterize a shock-compressed plastic foil. We
observe the disappearance of the plastic semi-crystal structure and the formation of a compressed liquid
ion-ion correlation peak. The plasma parameters of shock-compressed plastic can be measured as well, but

requires an averaging over a few tens of shots.

I. INTRODUCTION

The study of warm dense matter (WDM), i.e., high
energy density, has gathered enormous scientific interest
in various domains from inertial confinement fusion to
planetary physics'. Shock-compressed material under-
goes solid-solid or solid-liquid phase transition, spanning
a rich phase space of new structures and new material
properties in which strong correlation and quantum ef-
fects play a major role. However, modeling such regime is
very challenging and success relies on how accurately the
matter can be characterized experimentally. Although
optical diagnostics give access to macroscopic quantities
of high-density system, they cannot provide any direct
measurements of the microscopic structure, which is crit-
ical for studying phase transition. In contrast to optical
beams, x-rays can penetrate high-density materials pro-
viding direct in situ measurements of their structure and
properties. Taking advantage of the powerful collimated,
high-energy x-rays delivered by the free electron laser
(FEL) at LCLS, we have developed a unique experimen-
tal platform dedicated to study high-energy density mat-
ter. Our platform provides simultaneous measurements
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of angularly and spectrally resolved x-ray scattering of
WDM.The lattice structure is revealed from the angle-
resolved scattering to clearly identify phase-transitions® .
The spectral measurements allow for characterization of
plasma parameters such as electron density (n.), tem-
perature (T), electron-ion collision frequency and degree
of ionization®. These quantities can then be correlated
with macroscopic properties measured by additional op-
tical diagnostics such as shock velocity and reflectiv-
ity from VISAR (velocity interferometer system for any
reflector)?, plasma thermal emission from SOP (streaked
optical pyrometry)®. In addition, the < 50 fs duration of
the FEL pulse allows resolving the dynamic of the shock-
induced phase transitions which occur on a ultrafast time
scale. To illustrate the capabilities of our platform, we
present results we obtained in an experiment to charac-
terize the state of shock-compressed plastic foils.

Il. EXPERIMENTAL PLATFORM

Our experimental platform applied to study com-
pressed plastic is shown in Fig. 1. A 40 pm thick
polypropylene (PP) target (density 0.885 - 0.94 g/cm?)
was irradiated by two counter-propagating laser pulses,
each with a nominal energy of 6 J, 3 ns square pulse
duration and 0.5 ns rise time. Each face of the foil
was irradiated with 527 nm laser light at an intensity
of 2 x 10 W/cm® to launch two counter-propagating
shocks. To ensure the planarity of the shocks, the beam



profiles were smoothed with continuous phase plate to 60
pm diameter focal spots.

The FEL beam was used as a probe for the experi-
ments. It was focused to a 10 um diameter spot, prop-
agating coaxial to the optical lasers. FEL beam pro-
vided up to 0.6 mJ of x-rays with an energy E of 8034
eV and relative spectral bandwidth of 2%. The delay
between the optical laser and the x-ray FEL pulses can
be varied to access to the dynamic of the compression
process. The angularly-resolved x-ray scattering were
detected by two Cornell-SLAC Pixel Array Detectors
(CSPADs)S. The two CSPADs provided angular cov-
erages of 20 = 17° to 55° and 40° to 60°, respectively.
Two von-Hamos x-ray Thomson scattering spectrome-
ters were used to spectrally resolve the scattered radi-
ation at 25° (F-XRTS) and 168° (B-XRTS). While F-
XRTS measures collective properties of the plasma, B-
XRTS measures non-collective and scattering over sin-
gle particle>. The scattered x-rays were analyzed by
cylindrically-bent graphite crystal, Highly Annealed Py-
rolytic Graphite (HAPG)” for FXRTS and Highly Ori-
ented Pyrolytic Graphite (HOPG)® for BXRTS.

Il. RESULTS
A. Angularly resolved x-ray scattering

Angularly-resolved measurement of scattered x-rays
provides information on the spatial correlations of the
ionic structure. When probing crystals, incident x-rays
reflects onto the highly ordered ion lattice and exhibits
Debye-Scherrer diffraction rings. As shown in Fig. 2a
and b for the PP sample corresponding to a partial align-
ments of the polymer molecular chains called lamellae®.
The scattered signal is then concentrated at very specific
angle position on intense Bragg peaks (see Fig. 2 e).

By looking at the angular positions of the diffraction
rings, we are able to detect solid-solid shock-induced
phase transition with a very good accuracy. This tech-
nique is also sensitive to solid-liquid phase transitions,
identified by a loss of long-range correlations inducing a
strong broadening and decrease of intensity of the scat-
tered peaks. In this way, we observe the melting of PP
sample, i.e., loss of the lamellar structure, from the strong
heating induced by the shock (see Fig 2 ¢, d, and f). From
0.2 ns to 1.6 ns delay after the beginning of the compres-
sion, we clearly observe a progressive intensity decrease
of the two main Bragg peaks. This is coincident with the
appearance of a broad ion-ion correlation peak, shifting
to lower scattering angle with time, which dominates at
the later times. Although future experiments together
with simultaneous measurements of the background are
required for a quantitative determination of the density
and structure factors, our diagnostic provides a direct ac-
cess to the dynamics of the compression and heating of
the sample.

In order to test the potential disruptive effect of x-

ray self-heating on the sample, we irradiated the same
spot on the PP with 50 x-ray pulses. As shown in (see
Fig. 2e), we notice a very good stability of the peak
position and a variation below 20% of the different peak
intensities. The heating caused by the probe beam does
not induced any visible effect on the crystal structure of
the sample.

B. Spectrally resolved x-ray scattering

Now that we have access to the ionic microstructure,
the diagnostics based on spectrally resolved x-ray scat-
tering helps to determine the conditions achieved by
the compressed sample. In the forward geometry, i.e.,
at small scattered vector k, the scattering occurs on
collective density fluctuations. The plasmon feature is
downshifted from the incident 8 keV x-rays as deter-
mined by the Bohm-Gross dispersion relation. Its reso-
nance frequency is used as a sensitive marker of the elec-
tron density, especially for low temperature high-density
plasmas!'®. For shock-compressed plastic 0.6 ns after the
beginning of the compression (see Fig. 3), we observe in
forward scattering (k = 1.8 A_l) a weak scattering fea-
ture downshifted with respect to the electron elastic peak
centered at 8 keV that can be interpreted as a plasmon.
According to a theoretical fit of the dynamic structure
factor, it would indicates an electron density of free elec-
tron of 5.2x10%3cm 3. To better resolved this plasmon
feature and increase the precision of the density mea-
surements, future experiments would require averaging
over few tens of shots for each time delay using the an-
gularly resolved x-ray scattering signal to ensure the re-
producibility. Note that reducing spectral width of the
source would increase as well the resolution of the plas-
mon feature (see figure 3). We remark as well that the
elastic peak is weaker in compressed plastic compared to
cold plastic (the signal being normalized with respect to
the energy measured in the FEL). This behavior, conse-
quence of the disappearance of the Bragg peak located
close to 25°, is in qualitative agreement with the angu-
larly resolved measurements shown earlier (see Fig. 2e)).

In the backscatter geometry, the scattered vector k

(here 8.1 A_l) is much larger to the plasma screening
length. The scattering therefore occurs on single elec-
trons and the spectrum shows a Compton peak, result of
the scattering from free and weakly bound electrons. Its
shape and width is then sensitive to the electron velocity
distribution function and thus can provide information
on the electron density and temperature®. For shock-
compressed plastic 0.6 ns after the beginning of the com-
pression (see Fig.4), we observe a faint increase of the
Compton width with respect to cold plastic. This can be
interpreted as an increase of the electron density or/and
temperature. However, due the poor signal to noise ratio
added to the low temperature expected here, we cannot
determine the electron temperature. As shown in Fig.4
with cold plastic, averaging over tens shots can solve this



issue. We note as well that the elastic peak shows a
higher intensity in shock-compressed plastic than in cold
plastic. This comportement is likely due to the broaden-
ing of the ion-ion correlation function at a wavenumber
location where no Bragg peak is present in cold plastic.
Theoretical modeling are required to further explain this
behavior.

IV. CONCLUSION

We have presented a new experimental platform oper-
ated at LCLS that combines simultaneous angularly re-
solved and spectrally resolved x-ray scattering measure-
ments to accurately characterize the state of WDM. Test-
ing it on a shock-compressed plastic sample, we have ob-
served the solid-liquid phase transition, as well as shown
a way to estimate the electron density and temperature
achieved at each time of the compression. We point out
that for compressed plastic, a reliable and accurate mea-
surement of these last parameters requires an averaging
over a few tens of shots. With its unique combination of
complementary diagnostics, our platform provides access
to a very rich set of in situ physical quantities that makes
it an ideal tool to characterize high-density matter and
benchmark ab initio modeling.
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FIG. 1. Experimental set-up
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FIG. 2. X-rays scattered map detected on the CSPADs
from non-compressed (a, b) and compressed (c, d) plas-
tic; Angularly-resolved lineout (averaged over the azimuth)
recorded by the CSPADs from (e) cold plastic, the dotted
lines corresponding to the maximum variations of the sig-
nal measured during 50 consecutive x-ray shots, and from (f)
compressed plastic from 0 to 1.2 ns after the beginning of the
compression.
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FIG. 3. Comparison of spectrally-resolved F-XRTS spectra
from cold (green) and compressed plastic (red) with theo-
retical dynamic structure factor calculations compute for an
electron density of free electron of 5.2x10%3*c¢cm ™2 for 10 (light
blue) and 30 eV (dark blue) incident x-ray spectral bandwidth
(BW).
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FIG. 4. Comparison of spectrally-resolved B-XRTS spectra
obtained in cold (green) and compressed plastic 0.6 ns after
the beginning of the compression (red). The bold and dark
blue line corresponds to the scattered signal in cold plastic
averaged over 50 consecutive shots. The signal is normalized
over the Compton peak area.
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